12 United States Patent
Arp et al.

US010361689B2

US 10,361,689 B2
Jul. 23, 2019

(10) Patent No.:
45) Date of Patent:

(54) STATIC COMPENSATION OF AN ACTIVE
CLOCK EDGE SHIFT FOR A DUTY CYCLE
CORRECTION CIRCUIT

(71) Applicant: International Business Machines
Corporation, Armonk, NY (US)

(72) Inventors: Andreas H. A. Arp, Nulringen (DE);
Fatih Cilek, Boeblingen (DE); Michael
V. Koch, Ehningen (DE); Matthias
Ringe, Tuebingen (DE)

(73) Assignee: International Business Machines
Corporation, Armonk, NY (US)

( *) Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 1534(b) by 0 days.

(21) Appl. No.: 15/855,039
(22) Filed: Dec. 27, 2017

(65) Prior Publication Data
US 2019/0097619 Al Mar. 28, 2019

Related U.S. Application Data
(63) Continuation of application No. 15/713,738, filed on

Sep. 25, 2017.
(51) Inmt. CL
HO3K 3/017 (2006.01)
HO3L 7/06 (2006.01)
HO3K 19/00 (2006.01)
HO3L 7/089 (2006.01)
HO3K 5/156 (2006.01)
(Continued)
(52) U.S. CL
CPC ............ HO3K 5/1565 (2013.01); GO6F 1/06

(2013.01); GO6F 1/12 (2013.01); HO3K 3/017
(2013.01); HO3K 5/159 (2013.01); HO3K
2005/00254 (2013.01); HO3K 2005/00286

(38) Field of Classification Search
CpPC ... HO3K 5/1565; HO3K 3/017; HO3K 5/159;
HO3K 2005/00254; HO3K 2005/00286;
GO6F 1/06; GO6F 1/12

USPC ... 327/2-12, 105123, 141, 144-163, 175;
331/1 A, 15-17; 375/373-3776

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

4/2010 Dai et al.
11/2010 Chang et al.

(Continued)

7,705,647 B2
7,839,194 B2

OTHER PUBLICATTONS

Boghrati, et al., “A 800 MHz-1.1 GHz 1.2 mW Delay Locked Loop
with a Closed Loop Duty Cycle Corrector,” Journal of Electrical and
Electronic Systems, vol. 5, Issue 2, 2016, 3 pages, DOI. 10.4172/

2332-0796.1000179.
(Continued)

Primary Examiner — Brandon S Cole
(74) Attorney, Agent, or Firm — Jared C. Chaney

(57) ABSTRACT

Duty cycle correction devices for static compensation of an
active clock edge shift. A duty cycle correction circuit in the
duty cycle correction device corrects a clock mput signal,
according to a first control signal. A programmable delay
circuit or a modified duty cycle correction circuit 1n the duty
cycle correction device compensates a shift of an active
clock edge 1n a clock output signal of the duty cycle
correction circuit, according to a second control signal. A
mapping circuit in the duty cycle correction device generates
the second control signal by mapping a digital value of the
first control signal and a digital value of the second control
signal.

(2013.01) 6 Claims, 9 Drawing Sheets
400
_____________________________________________ L7
i 410 CLOCK OUTPUT i
: A SIGNAL 1 420 .

CLOCKINPUT 1 | DUTYCYCLE | (CLKOUT1) i CLOCK OUTPUT
SIGNAL ——»| CORRECTION o PROGRAMMABLEL 3 ™ o anaL 2
(CLKIN) CIRCUIT DELAY CIRCUIT |+ cLkouT 2)

: F Y A :
: 430
: | MAPPING :
CIRCUIT :
: t :
T E PSPPI PP
DUTY CYCLE PROGRAMMABLE
CONFIGURATION SETTING VIAA COMMAND
(DCC CONFIG) INTERFACE



US 10,361,689 B2

Page 2
(51) Int. CL 2015/0171834 Al 6/2015 Arp et al.
HO3K 5/159 (2006.01) 2015/0200655 Al 7/2015 Kang et al.
. 2015/0341021 A1 11/2015 Ma
Gool 1/12 (2006.01) . . _
2015/0364176 Al* 12/2015 Lee ..ccoooveviviininnnnnn, GO6F 11/079
GOol 1/06 (2006.01) 714/57
HO3K 5/00 (2006.01) 2016/0013785 Al 1/2016 Nakata
2016/0094205 Al 3/2016 Aremallapur
_ 2017/0033746 Al 2/2017 Lam et al.
(56) References Cited 2017/0040986 Al 2/2017 Ma
_ 2017/0093386 Al* 3/2017 Kitagawa ............... HO3K 5/159
U.s. PAIENT DOCUMENTS 2017/0111033 Al 4/2017 Chae et al.
7,990,194 B2* 8/2011 Shim ........................ G11C 7/22
397/149 OTHER PUBLICATTONS
8,018,261 B2 9/2011 Becker et al. . .
% 513997 R? 2/2013 szeire? j‘ Arp et al., “Dynamic Control of Edge Shift for Duty Cycle Cor-
8,570,084 B2  10/2013 Lin rection”, U.S. Appl. No. 15/714,438, filed Sep. 25, 2017.
8.803.576 B2 8/2014 Kitagawa Arp et al., “Static Compensation of an Active Clock Edge Shift for
9,048,823 B2 6/2015 Bui et al. a Duty Cycle Correction Circuit,” U.S. Appl. No. 15/713,738, filed
9,413,347 Bl 8/2016 Nien Sep. 25, 2017.
9,520,867 B2 12/2016 Lin List of IBM Patents and Patent Applications Treated as Related,
10,063,222 Bl 8/2018 Arp et al. Dated Dec. 26, 2017, 2 pages.
2002/0070752 Al 6/2002 Harrison Chung et al., “A wide-range all-digital duty-cycle corrector with
2002/0196883 Al™* 12/2002 Best .....cccovvevvevennnnen. GO6F 1/10 output clock phase alignment in 65 nm CMOS technology,” IEICE
375/355 Electronics Express, vol. 8, No. 15, 2011, 7 pages.
2008/0191767 Al* 8/2008 Koo .....ccccvvrnnnnnn, HO3K 5/1565 Nam, “An All-Digital CMOS Duty Cycle Correction Circuit with a
327/175 Duty-Cycle Correction Range of 15-t0-85% for Multi-Phase Appli-
2008/0272815 Al* 112008 Yeo ... HO3K 5/1565 cations”, IEICE Transactions on Electronics, vol. E8-C, No. 4 Apr.
327/175 2005, pp. 773-777.
2010/0225372 Al . 9/2010  Satoh et al. Wang, et al. “A Compact Delay-Recycled Clock Skew-
201170248752 Al* 1072011 Willey .cccooivrnnnnn HOBKS;{? 1/? ?; Compensation and/or Duty-Cycle-Correction Circuit”, SOC Con-
f SOCC) 2011 IEEE International, Sep. 26-28, 2011, 9
2012/0019299 Al 1/2012 McLeod et al. Pe;;;e (SOCC) PEHEORE oEP S
3 : '
2012/0223754 Al 2012 LeWIs wovvroiiiiiiiinen HO;’zK,,,?l/ ég Koch et al., “Correcting Duty Cycle3 and Compensating for Active
2013/0063101 Al 1/9013 Patil ef al. Clock Edge Shuft,” US Appl. No. 15/714,(?12, filed Sep. 25, 2017.
2013/0154702 A1*  6/2013 Kim ...coccooovrirrnr... HO3L 7/089  Arp et al, “Dynamic Control of Edge Shiit for Duty Cycle Cor-
397/158 rection”, U.S. Appl. No. 15/854,985, filed Dec. 27, 2017.
2014/0009197 Al 1/2014 Yasuda Koch et al., “Correcting Duty Cycle3 and Compensating for Active
2014/0333361 Al 11/2014 Chau et al. Clock Edge Shift,” U.S. Appl. No. 15/854,961, filed Dec. 27, 2017.
2015/0002201 Al* 1/2015 Kitagawa ............. HO3K 5/1565
327/175 * cited by examiner



US 10,361,689 B2

l Ol

(DIANOD 22a)
o ONILLIS NOILYHENSOIANOD
= JT1OAD ALNd
@ 0zl
7
= (LNOX1D) LINDHID
™ TYNOIS NOILDIHHOD
~ 1Nd1NO MD01D J1OAD ALNd
= 0S|
p—

001

U.S. Patent

OLl

(NIDT1D)
TVYNOIS
1NdANIMD01D



]
a
A
S ¢ 9l
y—(
&
3
- ICaEl
7 TYNYILNI
=
NIY
_ 0¥z ” _ )
S PhZ A
< 0E7 ” 370A0 ALNA %08
= HLIM LNOMTD
pez 767

_ 022 _ J10AD ALNA %07
2 . _ HLIM LNOMTD
Q b2z 222
e J10AD ALNA %09
» H1IM LNOMTO
p |

0i7 plZ Z1Z

00¢

U.S. Patent



US 10,361,689 B2

Sheet 3 of 9

Jul. 23, 2019

U.S. Patent

Ove

0%

0c¢e

OLE

oom\ﬁ\\

143

L4

rLE

¢ Ol

AV 140
1VNYH4LNI

T— g

- Ccet

I
-— —
4

NIXTO

J10A0 ALNA %04
HLIM LOOMTO

J10A0 ALNA %0F
HLIM LNOMTO

J10A0 ALNA %09
HLIM LNOMTO



US 10,361,689 B2

¥ 9l4
JOV4HILNI (DIANOD 204a)
ANVININOD V VIA ONILLIS NOILYHNDIANOD
J1aVINNVYEO O d J1OAD ALNA

el

> m “
= _ “
-t . 11NDdID |
g “ ONIddVIN “
e . _
79 ! _

 OEY “
- “ m
= m “
n., @1NOX10) 1 | |1n9mi0 Avaa LINDYID _
= CTUNDIS = - D OM NOILOIHHOD [
= 1NdLNO X010 (1 LNOX1D) 310A0 ALNA |

_ L TYNDIS |

- Oc 0Lt _

“ 1NdLNO %J071J !

-
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
l
L

U.S. Patent
2

(NIDIT1D)
TVYNOIS
1INdANIMD01D



US 10,361,689 B2

G Ol

JOV4HILNI (D1ANOD 20040)
ANYIINOD V VIA ONILLIS NOILYHNOIANOD

I19VNINYEO0¥d JT0AD ALNA
_q IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 1
2N “ “
= | “
o ! 1INDHID |
S “ ONIddVIA “

e 1

p I “
 0€S “
o “ “
= m m
X (z1NOM10) LINJ¥ID LINDYID “
= ZTYNDIS <—=—{ NOILOTHHOD NOILOTHYOD [+
- LNdLNO 20710 F19A9 (1L LNOX1D) | FT1OADALNG |
| ALNA adidIdoOIN L TYNOIS “
' 02ZS 1NdLNO Y2010 m

U.S. Patent

(NIDT1D)
TYNOIS
1NdANI Y2010



US 10,361,689 B2

O 94
(914ANOD 200}
_ ONILLIS NOILYHNOIANOD FT10AD ALNG
S
\&
E
e
P,
(caan)Av13a

=
& (caan)Av13a
ad
= (LAANAY1AA

JNTVA

AVY13Q

U.S. Patent



US 10,361,689 B2

Sheet 7 of 9

Jul. 23, 2019

U.S. Patent

Or.

0cL

0CL

OL.

00L

L Dl

AV 130
TYNdILNI

I

Nl
™
I~

N
ON
M~

4%

NIMTO

J10A0 ALNA %084
HLIM LOOMTO

J10A0 ALNA %0V
HLIM LOOXTO

J10A0 ALNA %09
HLIM LOOMTO



US 10,361,689 B2

8 DI
&N
= 048
L
_._M._.H__.w mmw _I IIIIIIIIIIIIIIII
i _— 1 _Ipeg
N GZ8 -
K @200 — 1 ™~0zs
o
2 IIIIIIIIII
E G18 [

U.S. Patent

INILLIS JTOAD ALNAd
NNININIA
HLIM LNOXTO

ONILLAS FT10A0 ALNC
%0€ HLIM LNOXTO

ONILLAS F10A0 ALNA
%07 HLIM LNOX 1O

INILLIS JTOAD ALNAd
%05 - NNINIXYIA

HLIM LNOM1O



6 Ol

US 10,361,689 B2

dd1dNVEVYd dd0OIN O INO dONVHO

)

- SMD01D dO1S 056
&N

2

7> NOILYH3dO 06

= SM00710 319VN3 0€6
g\

o

gl

m 1INDYID ONIddVIN OLNI

096

AJOWNdN JTILVTOANON NOd4 SAdNTVA AV1dd AVO '

1004 OL6

U.S. Patent

0C6



US 10,361,689 B2

1

STATIC COMPENSATION OF AN ACTIVE
CLOCK EDGE SHIFT FOR A DUTY CYCLE
CORRECTION CIRCUIT

BACKGROUND

The present mvention relates generally to a duty cycle
correction device, and more particularly to static compen-
sation of an active clock edge shift for a duty cycle correc-
tion circuit.

Designing digital circuits requires a clear design of signal
timing and the right sequence of signals dependent from
cach other. Special focus 1s often on nvestigating timing
behavior, especially, on wavetforms of critical signals, like
clock signals. In complex chip designs, clock signals often
run across multiple clock trees and clock meshes to diflerent
physical areas of a semiconductor die. In particular, rising
and falling edges of signals require special attention. Getting
this timing behavior of these critical signals of integrated
circuits right 1s paramount for the functionality and reliabil-
ity of VLSI (very large-scale integrated circuit) chips.
Besides the signal waveform 1n general, the duty cycle 1s a
relevant figure of merit and has to be monitored and poten-
tially adapted for meeting design requirements. For the duty
cycle of signals, 1in particular clock signals, only a small
variability may be acceptable. The clock signal(s) may be
deformed by runming through the clock trees and clock
meshes. Thus, a “re-establishment™ of the predefined duty
cycle may be required.

To correct or change the duty cycle of signals, DCC (duty
cycle correction) circuits are used. Typical DCC circuits
receive an 1nput signal as well as a configuration or control
signal defining the desired duty cycle characteristics, 1n
particular, the percentage of time the signal has the logical
value “0” as well as the percentage of time the signal has the
logical value of “1” within one cycle. In an 1deal case, the
DCC moves only the inactive clock edge of the signal or
clock signal. However, due to the limitations of real elec-
tronic circuits which do not behave like ideal circuits, 1t
appears that both edges, active and 1nactive, may be
impacted.

SUMMARY

A duty cycle correction device for static compensation of
an active clock edge shift 1s provided. The duty cycle
correction device comprises a duty cycle correction circuit
configured to correct, according to a first control signal, a
clock mnput signal. The duty cycle correction device further
comprises a programmable delay circuit configured to com-
pensate, according to a second control signal, a shiit of an
active clock edge 1n a clock output signal of the duty cycle
correction circuit. The duty cycle correction device further
comprises a mapping circuit configured to generate the
second control signal by mapping a digital value of the first
control signal and a digital value of the second control
signal.

A duty cycle correction device for static compensation of
an active clock edge shift 1s provided. The duty cycle
correction device comprises a duty cycle correction circuit
configured to correct, according to a first control signal, a
clock mput signal. The duty cycle correction device further
comprises a modified duty cycle correction circuit config-
ured to compensate, according to a second control signal, a
shift of an active clock edge 1n a clock output signal of the
duty cycle correction circuit. The duty cycle correction
device further comprises a mapping circuit configured to
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2

generate the second control signal by mapping a digital
value of the first control signal and a digital value of the
second control signal.

A method for static compensation of an active clock edge
shift 1s provided. The method comprises correcting, by a
duty cycle correction circuit mm a duty cycle correction
device, according to a first control signal. The method
further comprises compensating, by a programmable delay
circuit 1n the duty cycle correction device, a shift of an active
clock edge 1n a clock output signal of the duty cycle
correction circuit, according to a second control signal. The
method further comprises generating, by a mapping circuit
in the duty cycle correction device, the second control signal
by mapping a digital value of the first control signal and a
digital value of the second control signal.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 1s a diagram 1llustrating a duty cycle correction
(DCC) circut.

FIG. 2 1s a diagram 1illustrating 1deal output wavetforms of
a duty cycle correction (DCC) circuit.

FIG. 3 1s a diagram 1illustrating real output waveforms of
a duty cycle correction (DCC) circuit.

FIG. 4 1s a diagram 1llustrating a duty cycle correction
device for static compensation of an active clock edge shiit
in a clock output signal of a duty cycle correction (DCC)
circuit, in accordance with an embodiment of the present
invention.

FIG. 5 1s a diagram 1llustrating a duty cycle correction
device for static compensation of an active clock edge shiit
in a clock output signal of a duty cycle correction (DCC)
circuit, 1n accordance with another embodiment of the
present invention.

FIG. 6 1s a diagram illustrating duty cycle configuration
settings (dcc config) versus delay values, 1n accordance with
an embodiment of the present invention.

FIG. 7 1s a diagram illustrating waveforms of a clock
output signal of the duty cycle correction device shown 1n
FIG. 4 or FIG. 5, 1n accordance with an embodiment of the
present 1nvention.

FIG. 8 1s a diagram illustrating compensation delays
necessary to align active clock edges for different duty cycle
configuration settings (dcc config), 1n accordance with an
embodiment of the present invention.

FIG. 9 1s a diagram 1illustrating steps of changing delay
values when changing operational parameters, 1n accordance
with an embodiment of the present invention.

DETAILED DESCRIPTION

In the context of this description, the following conven-
tions, terms and/or expressions may be used.

The term “duty cycle correction device” may denote a
device implemented as a portion of a semiconductor chip
operable to correct a duty cycle of a signal. Typically, the
signal may be a clock signal which may be degenerated
when passing through a clock mesh or clock tree of a
complex electronic circuit. The duty cycle correction device
may, beside other components, comprise a duty cycle cor-
rection circuit.

The term “duty cycle” may denote a percentage of time
during which a signal may have the logical level “1” during
one part of a cycle. The remaining time of the cycle the
signal may have logical level “0”. Thus, a duty cycle of 30%
has a “0” time to “1” time ratio that equals 7:3.
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The term “duty cycle correction circuit” may denote an
clectronic circuit designed to correct the duty cycle accord-
ing to a specification and 1n line with predefined timing
requirements. It may be a component of the duty cycle
correction device.

The term “programmable delay circuit” may denote an
clectronic circuit designed to delay a rising edge or a falling
edge, or both of a digital signal with a programmable or
adjustable delay. The delay may be controllable by a delay
control signal or a configuration signal.

FIG. 1 1s a diagram 1illustrating duty cycle correction
(DCC) circuit 100. Clock mput signal (clkin) 110 1s fed to
duty cycle correction (DCC) circuit 100. Duty cycle con-
figuration setting (dcc config) 120 defines a target duty cycle
rat10. Duty cycle correction (DCC) circuit 100 corrects clock
input signal (clkin) 110, according to duty cycle configura-
tion setting (dcc config) 120. The output of duty cycle
correction (DCC) circuit 100 1s clock output signal (clkout)
130. For example, 1t 1s assumed that the range of values of
duty cycle configuration setting (dcc config) 120 1s [-127,
127]. It 1s assumed that the duty cycle of the mput clock
signal 1s 50%. Negative values of duty cycle configuration
setting (dcc config) 120 result in duty cycles less than 50%,
1.€., the amount of time the output signal 1s *1” 1s smaller than
the amount of time the output signal 1s ‘0’. Positive values
of duty cycle configuration setting (dcc config) 120 result 1in
duty cycles greater than 50%, 1.e., the amount of time the
output signal 1s ‘1’ 1s larger than the amount of time the
output signal 1s ‘0’.

FIG. 2 1s a diagram 1illustrating ideal output waveforms
200 of a duty cycle correction (DCC) circuit. Embodiments
of the present invention disclose approaches to achieve the
wavelorms shown 1n FIG. 2. Wavelorm 210 1s a waveiorm
of a clock output signal (clkout) with a 60% duty cycle.
Wavetorm 220 1s a wavelorm ol a clock output signal
(clkout) with a 40% duty cycle. Waveform 230 1s a wave-
form of a clock output signal (clkout) with a 50% duty cycle.
Wavetorm 240 1s a wavetorm of a clock input signal (clkin).
Active clock edge 212 1s one of active clock edges of
wavetorm 210; mactive clock edge 214 1s one of mactive
clock edges of waveform 210. Active clock edge 222 1s one
of active clock edges of wavelorm 220; mactive clock edge
224 1s one of 1nactive clock edges of waveform 220. Active
clock edge 232 1s one of active clock edges of wavelorm
230; mactive clock edge 234 1s one of inactive clock edges
of wavelorm 230. Active clock edge 242 1s one of active
clock edges of wavetorm 240; inactive clock edge 244 1s one
of mactive clock edges of wavetform 240. As shown 1n FIG.
2, the duty cycle correction (DCC) circuit has an internal
delay. The internal delay 1s inherent, no matter what the duty
cycle configuration setting (dcc config) 1s. As shown 1n FIG.
2, the active clock edges are left untouched, while the
mactive clock edges moves to the left for smaller duty cycle
values (e.g., 40% duty cycle) and to the rnight for larger duty
cycle values (e.g., 60% duty cycle).

FIG. 3 1s a diagram 1illustrating real output wavetorms 300
of a duty cycle correction (DCC) circuit. FIG. 3 shows the
wavetorms of a standard unmodified duty cycle corrections
circuit. Wavetorm 310 1s a waveform of a clock output
signal (clkout) with a 60% duty cycle. Waveform 320 1s a
wavelorm of a clock output signal (clkout) with a 40% duty
cycle. Wavelorm 330 1s a wavelorm of a clock output signal
(clkout) with a 50% duty cycle. Waveform 340 1s a wave-
form of a clock mput signal (clkin). Active clock edge 312
1s one of active clock edges of wavetorm 310; inactive clock
edge 314 1s one of mactive clock edges of wavetorm 310.
Active clock edge 322 1s one of active clock edges of
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4

wavetorm 320; mactive clock edge 324 i1s one of mactive
clock edges of waveform 320. Active clock edge 332 1s one
of active clock edges of wavetorm 330; mnactive clock edge
334 1s one of 1nactive clock edges of wavetform 330. Active
clock edge 342 1s one of active clock edges of wavetform
340; mactive clock edge 344 1s one of inactive clock edges
of wavelorm 340. FIG. 3 shows that the internal delay still
exists. As shown in FIG. 3, for a negative value of the duty
cycle configuration setting (dcc config), an active clock edge
of a wavetorm 1s shifted; for example, active clock edge 322
of wavetorm 320 for a clock output signal (clkout) with a
40% duty cycle 1s shifted or delayed. As shown in FIG. 3,
for a positive value of the duty cycle configuration setting
(dcc config), an 1nactive clock edge of a waveform 1s shifted;
for example, 1nactive clock edge 314 of wavetorm 310 for
a clock output signal (clkout) with a 60% duty cycle 1s
shifted.

FIG. 4 1s a diagram illustrating duty cycle correction
device 400 for static compensation of an active clock edge
shift 1n a clock output signal of a duty cycle correction
(DCC) circuit, 1mn accordance with an embodiment of the
present mvention. Duty cycle correction device 400 com-
prises duty cycle correction (DCC) circuit 410, program-
mable delay circuit 420, and mapping circuit 430.

The clock mput signal (clkin) 1s fed to duty cycle correc-
tion (DCC) circuit 410. The duty cycle configuration setting
(dcc config) or the first control signal of duty cycle correc-
tion device 400 defines a target duty cycle ratio. Duty cycle
correction (DCC) circuit 410 corrects the clock mput signal
(clkin), according to the duty cycle configuration setting
(dcc config) or the first control signal. The output of duty
cycle correction (DCC) circuit 410 1s the clock output signal
1 (clkout 1). The clock output signal 1 (clkout 1) has shifted
clock edges of wavetorms; for example, as shown 1n FIG. 3,
the active clock edge of wavelorm for a clock output signal
(clkout) with a 40% duty cycle 1s shifted.

Programmable delay circuit 420 compensates the shift of
an active clock edge 1n the clock output signal 1 (clkout 1)
by delaying the clock output signal 1 (clkout 1) by a
predetermined amount of time. The predetermined amount
of time 1s a delay value provided by mapping circuit 430.
The output of programmable delay circuit 420 1s the clock
output signal 2 (clkout 2) shown i FIG. 4. Examples of the
clock output signal 2 (clkout 2) will be presented 1n FIG. 7
and discussed later 1n this document.

Mapping circuit 430 generates a delay value or a second
control signal of duty cycle correction device 400, by
mapping a digital value of the duty cycle configuration
setting (dcc config) or the first control signal and a digital
value of the delay value or the second control signal. The
mapping of the first value and the second value will be
discussed later 1n this document with reference to FIG. 6.
Mapping circuit 430 transforms the duty cycle configuration
setting (dcc config) to the delay value. Programmable delay
circuit 420 uses the delay value or the second control signal
to compensate the shift of the active clock edge 1n the clock
output signal 1 (clkout 1).

Mapping circuit 430 1s programmable via a command
interface during a boot or bring-up of a processor. Mapping
circuit 430 1s also programmable via a command 1nterface
during an operation of a processor.

FIG. 5 1s a diagram illustrating duty cycle correction
device 500 for static compensation of an active clock edge
shift 1n a clock output signal of a duty cycle correction
(DCC) circuit, 1 accordance with another embodiment of
the present invention. Duty cycle correction device 500
comprises duty cycle correction (DCC) circuit 510, modified
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duty cycle correction (DCC) circuit 520, and mapping
circuit 530. Same as duty cycle correction (DCC) circuit 410
shown 1n FIG. 4, duty cycle correction (DCC) circuit 510
corrects the clock mput signal (clkin), according to the duty
cycle configuration setting (dcc config) or the first control
signal. Same as mapping circuit 430 shown in FIG. 4,
mapping circuit 330 generates the delay value or the second
control signal by mapping the digital value of the duty cycle
configuration setting (dcc config) or the first control signal
and the digital value of the delay value or the second control
signal.

In duty cycle correction device 500, modified duty cycle
correction (DCC) circuit 520 compensates the shift of an
active clock edge 1n the clock output signal 1 (clkout 1) by
delaying the clock output signal 1 (clkout 1) by a predeter-
mined amount of time. Modified duty cycle correction
(DCC) circuit 520 uses the delay value or the second control
signal, which 1s generated by mapping circuit 530, to
compensate the shift of the active clock edge 1n the clock
output signal 1 (clkout 1).

Programmable delay circuit 420 shown in FIG. 4 and
modified duty cycle correction (DCC) circuit 520 shown in
FIG. 5 are different circuits. However, they may not track
different operating conditions (e.g., voltage and tempera-
ture). Modified duty cycle correction (DCC) circuit 520 uses
the same structure as duty cycle correction (DCC) circuit
510; however, modified duty cycle correction (DCC) circuit
520 1s programmed to compensates the shift of the active
clock edges 1n the clock output signal 1 (clkout 1). Modified
duty cycle correction (DCC) circuit 520 uses the same
transistors for the clock path; therefore, modified duty cycle
correction (DCC) circuit 520 may track the delay or the
active clock edge shift better than programmable delay
circuit 420 shown 1 FIG. 4. It may be advantageous to
create a new circuit, such as modified duty cycle correction
(DCC) circuit 520, based on a duty cycle correction (DCC)
circuit such as duty cycle correction (DCC) circuit 310.

FIG. 6 1s a diagram 1llustrating the duty cycle configura-
tion settings (dcc contig) versus delay values, 1n accordance
with an embodiment of the present invention. FIG. 6 shows
examples of delay values (or the second control signals)
corresponding to different duty cycle configuration settings
(dcc config) (or the first control signals) at different voltages
(such as VDDI1, VDD2, and VDD3). In FIG. 6, the hori-
zontal axis represents the duty cycle configuration settings
(dcc config) (or the first control signals) while the vertical
axis represents the delay values (or the second control
signals). As mentioned earlier, negative values of duty cycle
configuration setting (dcc config) result 1n duty cycles less
than 50%, while positive values of duty cycle configuration
setting (dcc config) result in duty cycles greater than 50%.
It 1s shown 1n FIG. 6 that different delay values correspond
different duty cycle configuration settings (dcc config)
respectively. As discussed earlier 1n this document, mapping,
circuit 430 shown 1n FIG. 4 or mapping circuit 530 shown
in FIG. § maps a delay value to a duty cycle configuration
setting (dcc config).

FIG. 7 1s a diagram 1llustrating waveforms 700 of a clock
output signal of duty cycle correction device 400 shown 1n
FIG. 4 or duty cycle correction device 500 shown in FIG. 5,
in accordance with an embodiment of the present invention.
As discussed earlier in this document, programmable delay
circuit 420 shown 1n FIG. 4 or modified duty cycle correc-
tion (DCC) circuit 520 shown 1 FIG. 5 compensates the
shift of an active clock edge 1n the clock output signal 1
(clkout 1) by delaying the clock output signal 1 (clkout 1)
according to a delay value (or the second control signal). The
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compensation of the shift of the active clock edge in the
clock output signal 1 (clkout 1) by programmable delay
circuit 420 or modified duty cycle correction (DCC) circuit
520 results 1n output waveforms 700 1n the clock output
signal 2 (clkout 2) of duty cycle correction device 400 or
duty cycle correction device 500.

Referring to FIG. 7, output wavelforms 700 are examples
of the clock output signal 2 (clkout 2). Wavetorm 710 1s a
wavelorm after the compensation for a 60% duty cycle.
Wavetorm 720 1s a wavetorm after the compensation for a
40% duty cycle. Wavelorm 730 1s a wavelorm after the
compensation for a 50% duty cycle. Wavelorm 740 1s a
wavelorm of a clock input signal (clkin).

Programmable delay circuit 420 shown i FIG. 4 or
modified duty cycle correction (DCC) circuit 520 shown in
FIG. 5 compensates the active clock edge shift shown 1n
FIG. 3. Programmable delay circuit 420 or modified duty
cycle correction (DCC) circuit 520 delays clock edge 312 of
wavelorm 310 (shown 1n FIG. 3) and delays active clock
edges 332 of wavetorm 330 (shown in FIG. 3). The results
of the compensation are shown by output wavetorms 700.
Through the compensation, active clock edges 712 of wave-
torm 710 for a 60% duty cycle and active clock edge 732 of
wavelorm 730 for a 50% duty cycle are delayed to align with
active clock edges 722 of wavetorm 720 for a 40% duty
cycle.

FIG. 8 1s a diagram illustrating compensation delays
necessary to align active clock edges for different duty cycle
configuration settings (dcc config), in accordance with an
embodiment of the present mvention. Active clock edges
810, 820, and 830 are active clock edges before the com-
pensation delays. Active clock edge 810 1s an active clock
edge of a wavelorm for a clock output signal (clkout) with
a 50% duty cycle. Active clock edge 820 1s an active clock
edge of a wavelorm for a clock output signal (clkout) with
a 40% duty cycle. Active clock edge 830 1s an active clock
edge of a wavelorm for a clock output signal (clkout) with
a 30% duty cycle. Active clock edge 840 1s an active clock
edge of a wavetorm for a clock output signal (clkout) with
a minimum duty cycle. As shown 1n FIG. 8, an active clock
edge shift (or delay) 1n the output of a duty cycle correction
(DCC) circuit generally depends on the duty cycle configu-
ration setting (dcc config). A lower duty cycle configuration
setting (dcc config) causes a greater active clock edge shift
(or delay), while a higher duty cycle configuration setting
(dcc config) causes a smaller active clock edge shift (or
delay). For example, an active clock edge shift (or delay)
due to a 30% duty cycle 1s greater than an active clock edge
shift (or delay) due to 40%, and an active clock edge shiift
(or delay) due to a 40% duty cycle 1s greater than an active
clock edge shift (or delay) due to 50%.

Referring to FIG. 8, active clock edges 815, 825, and 835
are active clock edges after the compensation delays. After
the compensation delay, active clock edges 815, 825, and
835 are aligned to active clock edge 840 (which 1s an active
clock edge of a wavetorm for a clock output signal (clkout)
with a minimum duty cycle). Active clock edge 815 1s an
active clock edge of a wavelorm after the compensation for
a 50% duty cycle. Active clock edge 823 1s an active clock
edge of a wavelorm after the compensation for a 40% duty
cycle. Active clock edge 835 1s an active clock edge of a
wavelorm alter the compensation for a 30% duty cycle. It 1s
shown 1n FIG. 8 that a greater compensation delay 1s needed
for a higher duty cycle configuration setting (dcc config)
such as 50% duty cycle. It 1s also shown 1n FIG. 8 that a less
compensation delay 1s needed for a lower duty cycle con-
figuration setting (dcc config) such as 30% duty cycle.
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FIG. 9 1s a diagram 1illustrating steps of changing delay
values when changing operational parameters, 1n accordance
with an embodiment of the present invention. When a
processor 1s booted (step 910), delay values for compensa-
tion of active clock edge shifts are loaded from nonvolatile
memory 1nto a mapping circuit (such as mapping circuit 430
or 5330) (step 920). Then, clocks of the processor are enabled
(step 930), the processor operates (step 940), and the clocks
are stopped (step 950). When parameters (such as operating
frequency, supply voltage, etc.) are changed (step 960), the
delay values for compensation of active clock edge shifts are
loaded from nonvolatile memory into a mapping circuit
(such as mapping circuit 430 or 530) (step 920). The
parameters may be changed even during operation without
stopping the clocks.

The delay values can be retrieved by measurement of
skew during chip characterization for each chip individually
or depending upon process characteristics (1.e. slow,
medium, and fast). The delay values may be stored within
nonvolatile memory and applied to the mapping circuit
(such as mapping circuit 430 or 530) as needed, 1.e., during
boot or during operation when parameters (such as operating,
frequency, supply voltage, etc.) are changed.

Based on the foregoing, a duty cycle correction device
and a method have been disclosed for static compensation of
an active clock edge shift for a duty cycle correction circuait.
However, numerous modifications and substitutions can be
made without deviating from the spirit and scope of the

present invention. Therefore, the present invention has been
disclosed by way of examples and not limitation.
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What 1s claimed 1s:

1. A method comprising:

correcting, by a duty cycle correction circuit 1n a duty

cycle correction device, a clock mput signal according
to a first control signal to create a first clock output
signal;

mapping, by a mapping circuit in the duty cycle correction

device, a delay value for compensation of an active
clock edge in the first control signal and a second
control signal; and

compensating, by a programmable delay circuit 1n the

duty cycle correction device, for a shiit of an active
clock edge 1n the first clock output signal by delaying
the first clock output signal by the delay value to
produce a second clock output signal.

2. The method of claim 1, wherein the mapping circuit 1s
programmable via a command interface during a boot and an
operation of a processor.

3. The method of claim 1, wherein the first control signal
1s a duty cycle configuration setting.

4. The method of claim 1, wherein the second control
signal 1s a second delay value, wherein the programmable
delay circuit delays the first clock output signal of the duty
cycle correction circuit according to the second delay value.

5. The method of claim 4, wherein the second delay value
1s determined during characterization of a chip and depends
on process characterization.

6. The method of claim 4, wherein the second delay value
1s stored in nonvolatile memory and 1s applied to the
mapping circuit during a boot of a processor and during
operation when one or more parameters are changed.
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